Abstract: Autologous bone marrow, alone or as a composite marrow graft, has received much attention in various species. To assess the potential osteogenicity of autologous, extramedullary bone marrow implants in an avian model, 24 adult pigeons (Columba livia) were given intramuscular implantations of autologous marrow aspirated from the medial tibiotarsus. Birds were euthanatized at 1, 4, 6, 8, 10, and 12 weeks after surgery to evaluate whether ectopic bone had formed at the implant sites. Primary evaluations by in situ radiography and postmortem histologic examinations showed no evidence of bone formation. Further evaluation with histologic scores and histomorphometry revealed a significantly increased rate of angiogenesis at the implant sites by the sixth and tenth week postimplantation (P , .05). No significant differences between the treatment and control sites were present at any other endpoints. Results of this study show that, although autologous bone marrow lacks heterotopic osteogenic potentials in this avian model, it could still function as a useful adjunct to routine bone grafting techniques because of its unique capabilities to promote early angiogenesis.
Introduction
Extensive investigations into autologous bone marrow grafting, either solely or in combination with other bone substitutes (composite marrow grafting), in various animal models and humans have shown promise. [1] [2] [3] [4] [5] [6] The rationale behind such procedures lies in the red marrow possessing osteogenic capabilities, which was first determined in some early trials. 7 Later works by Burwell, 8 well known for his theory of medullary osteogenesis, have been the first serious efforts to adopt such principles.
Extramedullary marrow implantation in rats and mice has consistently been associated with heterotopic bone formation. 7, [9] [10] [11] Others have reported heterotopic osteogenesis in composite marrow transplants in a similar manner. 12, 13 The cellular origins of such ectopic bone conglomerates are controversial, although available data suggest the substantial role of stromal cells in such phenomena. 11, [14] [15] [16] Marrow adipocytes may also support such differentiations. 17 More recently, transplantation of marrow and its derivatives has gained momentum in the treatment of myocardial and cerebral ischemic lesions. Transplanted endothelial progenitor cells, stem cells, or both may promote local neovascularization and the formation of cardiomyocytes. [18] [19] [20] [21] In avian species, and specifically raptors, longbone fractures are frequently encountered because of traumatic injuries. 22, 23 Such injuries, however, are usually complicated because of the brittle nature of the bones and a lack of soft tissue support, which often causes open fractures. 24 In view of the complexity of avian fractures and the difficulties encountered in their repair, little work has been undertaken to investigate bone augmentation procedures and substitutes in birds. [24] [25] [26] [27] Autologous cancellous bone grafting, being the ''gold standard'' in mammals and of immediate availability to the surgeon, is of limited versatility because of the general dearth of cancellous bone in avian species. 24 Such grafts are described as possessing all 3 mechanisms that promote bone healing: osteoinduction, osteoconduction, and osteogenesis. 28 The latter characteristic can be achieved by supplementing other types of grafts with fresh autologous marrow as a source of osteoprogenitor cells, which might be of clinical value in birds. Nevertheless, performing such procedures in a given species requires establishment of preexisting knowledge regarding the biologic behavior of various biomaterials in that specific species.
The purpose of this study was to evaluate autologous marrow implants in a heterotopic site, that is, the pectoral muscle, in pigeons (Columba livia). Our hypothesis was that autologous marrow would be osteogenic, vasogenic, or both in such beds.
Materials and Methods

Study design
Adult pigeons (N 5 24) were used in this study. Birds were divided into 6 groups of 4 birds according to their endpoints (1, 4, 6, 8, 10 , and 12 weeks). All groups received identical surgical procedures consisting of autologous bone marrow on one side and normal saline on the other side as control. Birds were housed, 2 per cage, and provided with commercial feed and water ad libitum. A period of 3 to 4 weeks was used for acclimatization before surgery. After surgery, 4 pigeons (1 group) were euthanatized at each endpoint to remove the implants for subsequent histologic and histomorphometric studies. All protocols and methods used in this study were performed under the approval of the Animal Care and Use Committee at the Universiti Putra Malaysia (UPM/FPV/PS/3.2.1.551/AUP-R68).
Anesthesia and preparation
Anesthesia was induced with 5% isoflurane in an oxygen flow rate of 1 L/min administered by mask. The birds were intubated, and anesthesia maintained with 1%-3% isoflurane at a flow rate of 500 mL/min through a modified Jackson Reed Bain system. A wide area overlying the pectoral and left tibiotarsal region was aseptically prepared for surgery. Immediately after the procedure was completed and just before turning off the vaporizer, butorphanol (2 mg/kg SC; Torbugesic, Fort Dodge Animal Health [now Wyeth], Overland Park, KS, USA) was administered. Analgesia was repeated at 1 mg/kg SC q12h for 72 hours after surgery.
Collection of autologous marrow
After making a nick incision on the medial side of the proximal tibiotarsus, a small hole was drilled into the medullary cavity with a 0.045-inch (1.2 mm) pin and a miniature hand chuck. Approximately 0.2-0.3 mL of marrow was gently aspirated from the medulla with an 18-guage needle and a 2-mL syringe. 29 After approximately 5 minutes, the barrel of the syringe was cut with a sharp scalpel blade, and the coagulated marrow was removed from the lumen as a whole unit in preparation for implantation. No anticoagulants were used in this procedure.
Bone marrow implantation procedure
Two small incisions, each perpendicular to the sternum, were made at the same level in the caudal pectoral region. Subcutaneous and pectoral fasciae were incised on the same line as the skin, and a small pouch was formed parallel to the muscle fibers in the superficial pectoral muscle with the tips of a small hemostat. Hemorrhage was minimal with this method; nevertheless, hemostasis was maintained by swabbing and tamponade.
The prepared piece of marrow was carefully placed in one of the pouches, and the overlying fascia was immediately sutured with 5-0 polyglycolic acid (Safil, B Braun VetCare, Bella Vista, NSW, Australia) in a continuous pattern. The contralateral side was then irrigated with normal saline to serve as control. Skin edges were closed routinely.
Radiography
Three ventrodorsal thoracic radiographs were taken of each bird in the course of this study; one preoperatively, the second postoperatively, and the third at the designated endpoint. Radiographs were evaluated for any evidence of opacities at the surgical sites, which could indicate bone deposition.
Histology and histomorphometry
After birds were euthanatized, the implantation sites were excised as a single block, fixed in 10% neutral-buffered formalin, and decalcified in 5% formic acid for 48 hours. The specimens were then embedded in paraffin, cut into 4-5-mm-thick serial sections parallel to the long axis of the muscle fibers, and stained with hematoxylin and eosin for a general overview, Alcian blue (pH, 2.5) for evidence of cartilage, and Masson9s trichrome to discern areas of fibrosis or de novo bone formation. Slides were evaluated blindly to detect any clues regarding bone or cartilage formation and to describe the cascades of cellular events after implantation.
For comparative evaluations between the treatment and control sites, qualitative and quantitative measures were taken based on subjective scores and a histomorphometric analysis. When the latter was deployed, slides were digitized with a standard light-transmitting microscope (Olympus BX51TF, Olympus, Tokyo, Japan) fitted with a video camera (Olympus XC10, Olympus Deutschland GmbH, Hamburg, Germany) and computer software (analySIS FIVE, Soft Imaging System Corp, Lakewood, CO, USA). Photomicrograms were evaluated by surface area measurements, which were expressed as the percentage of the area of interest to the total area being evaluated. Slides stained with Masson9s trichrome were used for such quantitative measurements because the implantation site was detectable by the difference in the amounts of collagen fibers and abundance of connective tissues, which provided good contrast with the surrounding skeletal muscle.
Statistical analysis
Statistical analysis was performed with SPSS Version 17 statistical software (formerly SPSS Inc [now IBM Corporation], Armonk, NY, USA). A Student's one-tailed t test was used to detect differences in the means of the subjective and histomorphometric values between the bone marrow and control sites. The level of significance was defined as P , .05.
Results
Radiography
There was no discernible radiographic evidence of ectopic bone formation at any of the endpoints.
Histology and histomorphometry
No new bone was formed at any of the endpoints up to 12 weeks after implantation.
However, an abundance of blood vessels were observed invading the implantation site, usually at 6 weeks after surgery (Fig 1) . To evaluate vasogenic potentials, vascular tissue was evaluated qualitatively as well as quantitatively. A subjective scale of 0 (none) to 4 (abundant number of blood vessels or very large ones) was developed to reflect the impression of the operator in describing angiogenesis (Table 1) . Histomorphometry was adopted to measure the cross sectional area of blood vessels (excluding capillaries) within each implant location (Table 2) .
Overall, the extent of angiogenesis was slightly higher at the bone marrow implantation sites; however, that difference was not statistically significant (Table 3) . After 1 week, the marrow cells were still detectable at the implantation site, isolated by granulation tissue, but no evidence of implanted material was present at 4 weeks or later after implantation. During the first 4 weeks, an abundance of fibroblasts, polymorphonuclear cells, macrophages, and giant cells, mostly surrounding the necrotic debris and degenerating myocytes, were present in both treatment and control sites. Angiogenesis was very active during this time, and large blood vessels started to appear in a few cases in the treatment sites (Fig 2) . At 6 weeks, large arteries and veins had invaded the area in most cases, and subjective scores showed significant difference in angiogenesis between the treatment and control sites (t 6 5 2.78, one-tailed P 5 .02). A significant difference was also present at postimplantation week 10 (t 6 5 2.24, one-tailed P 5 .03; Table 1 ). No statistically significant differences were found between the mean values of treatment and control sites at any other endpoints; however, such vessels were still detectable until the 12th week in most specimens from the treatment sites.
Discussion
The results of this study show that despite evidence that autologous bone marrow possesses osteogenic properties in other animal models, such potential is absent in pigeons using the aforementioned techniques. Studies in mammals have shown these potentials to be correlated to the presence of mesenchymal stem cells in the marrow, which are shown to be able to differentiate into chondroblasts and osteoblasts. 30, 31 Results of several studies have recorded differences in cell populations and morphology of marrow in gallinaceous species compared with that of mammals, which may explain this result. [32] [33] [34] Unfortunately, such data are not available for pigeons because there are no investigations, to our knowledge, evaluating cell population differences among the avian species.
We observed signs of heavy neovascularization early in the course of study, which was evident macroscopically as large, distinct spaces at some implantation sites. This observation led to further assessment both qualitatively and quantitatively. Although the differences between the treatment and control sites were not statistically significant, except at the 6-and 10-week endpoints, the values given for the bone marrow implant sites showed higher amplitudes than those of the control sites throughout the period of investigation. These findings are in agreement with those of previous works on mammalian species, which have ascribed strong angiogenic capabilities to bone marrow-derived cells. [35] [36] [37] Indeed, these findings have led to the use of bone marrow implantation as a means of ''therapeutic angiogenesis'' in various clinical circumstances, mostly involving revascularization of infarcted myocardium. 21, 38 Previously, the rationale behind using bone marrow aspirates as an adjunct in bone grafting stressed the role of bone marrow cells as a source of osteogenic material in an attempt to augment other osteoconductive or osteoinductive biomaterials. Such biomaterials were said to be devoid of live bone-forming cells, unlike the autologous bone graft, which is thought to possess all osteoconductive, osteoinductive, and osteogenic potentials together. Thus, the idea of complementary, live biomaterials being used to give rise to osteoblasts or chondroblasts was introduced. However, little attention has focused on the role of bone marrow as a graft in promoting angiogenesis in such circumstances, 39, 40 despite the importance of neovascularization in fracture healing, a phenomenon known to precede any other events early in the course of bone regeneration. 41, 42 Results of our study show that although autologous bone marrow a Point (in weeks) at which birds in a group were euthanatized. b Calculated by one-tailed comparisons of bone marrow and control groups at each endpoint (same column). Significant differences between the control and treatment sites were recorded at 6 and 10 weeks after implantation (P , .05). a Derived by dividing the area of blood vessels by the total area being examined. b Calculated by one-tailed comparisons of bone marrow and control groups at each endpoint (same column). The differences between the bone marrow and control sites were not statistically significant at any of the endpoints. lacks a heterotopic osteogenic potential in this avian model, it could be a good complement to routine bone-grafting techniques by virtue of its ability to promote early angiogenesis. However, more-extensive investigations are required to confirm these preliminary data and to standardize specific protocols for collecting and implanting marrow in avian orthopedic patients.
